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The term ‘acid rain’ refers to atmospheric deposition of acidic
constituents that impact the earth as rain, snow, particulates, gases,
and vapor. Acid rain was ﬁrst recognized by Ducros (1845) and sub-
sequently described by the English chemist Robert Angus Smith
(Smith, 1852) whose pioneering studies linked the sources to in-
dustrial emissions and included early observations of deleterious
environmental effects (Smith, 1872). Smith's work was largely
forgotten until the mid-20th century when observations began to
link air pollution to the deposition of atmospheric sulfate (SO42)
and other chemical constituents, ﬁrst near the metal smelter at
Sudbury, Ontario, Canada, and later at locations in Europe, North
America, and Australia (Gorham, 1961). Our modern understanding
of acid rain as an environmental problem caused largely by regional
emissions of sulfur dioxide (SO2) and nitrogen oxides (NOx) stems
from observations in the 1960s and early 1970s in Sweden by
Svante Oden (Oden, 1976), and in North America by Gene Likens
and colleagues (Likens and Bormann, 1974). These scientists and
many who followed showed the link to emissions from coal-ﬁred
power plants and other industrial sources, and documented the
environmental effects of acid rain such as the acidiﬁcation of sur-
face waters and toxic effects on vegetation, ﬁsh, and other biota.
It was the work of these pioneers that ﬁrst raised the attention
of governments, policy makers, themedia, and the general public of
the need to address this problem, which provided the impetus for
stringent air pollution regulations in North America and Europe
that led ﬁrst to decreases in SO2 emissions and subsequently to de-
clines in NOx emissions across these regions. Acid rain was recog-
nized and described in Asia later than in North America and
Europe (Zhao and Sun, 1986; Tamaki and Koyama, 1991). Similarly,
declines in SO2 and NOx emissions began later in Asia than in North
America and Europe, and in some Asian countries such as India,
emissions continue to rise (Krotkov et al., 2016). Investigations in
other scattered regions of the globe showed that elevated levels
of sulfur (S) and nitrogen (N) deposition occur locally or regionally
near industrial or coal combustion facilities (Al-Momani et al.,
1995; Flues et al., 2002) including downwind in marine environ-
ments (Galloway et al., 1989). Emissions of ammonia (NH3) and
ammonium (NH4þ) also became widely recognized as contributors
to ecosystem acidiﬁcation (ApSimon et al., 1987). Atmospheric N
deposition was further recognized as an important nutrient source
to aquatic ecosystems and a contributor to estuarine eutrophication
(Fisher and Oppenheimer, 1991).http://dx.doi.org/10.1016/j.atmosenv.2016.10.019
1352-2310/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article uAlthough acid rain is no longer prominently featured in the
North American and European media, scientists continue to
observe and study deposition levels as well as the status of
ecosystem recovery in many regions. Indeed, many scientiﬁc ad-
vances have been made in recent years such as: improving our un-
derstanding of the role of soils in mediating ecosystem recovery,
unraveling the myriad factors that affect how biota respond to
lower levels of deposition, and documenting the rate at which eco-
systems are recovering. Acid rain represents an unintended
hemispheric-scale ecosystem perturbation experiment that war-
rants ongoing study. New observations are informing scientists
about the capacity of ecosystems to recover from this large-
magnitude disturbance. Additionally, recognition is increasing of
the links of air pollutants such as mercury (Hg), ozone (O3), and
others with those of SO2 and NOx, the principal drivers of acid rain.
The 31 articles published in this special issue of Atmospheric
Environment represent the latest information on the status of
acid rain across the globe, the extent towhich impacted ecosystems
are recovering or will likely recover from acid rain impacts, and the
interactions of acid rain with other pollutants, climate change, and
the carbon cycle. These articles represent a selection of those pre-
sented at Acid Rain 2015, the 9th International Acid Rain Confer-
ence held in Rochester, New York, USA in October 2015 (see
Supporting Information for a brief history and details on this con-
ference). The articles are divided about equally between those
that discuss atmospheric deposition and chemistry and those that
discuss the ecosystem effects of acid rain. These articles highlight
common scientiﬁc themes that transcend geographic regions as
well as emphasizing key regional differences in deposition pat-
terns, ecosystem effects, and air pollution policies.
2. Temporal and spatial patterns in acid deposition
In North America and Europe, precipitation SO42 concentrations
and loads have been decreasing since the 1970s or 1980s as shown
by Driscoll et al. (this issue) in the Adirondack Mountains of the
northeastern USA, by Watmough et al. (this issue) in Ontario, Can-
ada, by Pascaud et al. (this issue) in France, and by Rogora et al. (this
issue) in the alpine region of Switzerland and Italy. Temporal pat-
terns in NO3 deposition in these studies have shown a different
pattern then those of SO42 with decreasing concentrations and
loads evident only since the beginning (Driscoll et al. and Wat-
mough et al., this issue) or early part of the 21st century (Rogora
et al., this issue). In some cases, decreases in precipitation NO3nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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suggesting that changes in atmospheric chemistry may be inﬂu-
encing long-term patterns (Pascaud et al., this issue). Despite less
pronounced downward trends in atmospheric NO3 deposition,
these four studies indicate that precipitation pH has increased by
a few tenths to nearly one full unit across eastern North America
and southern Europe.
Currently, the highest rates of atmospheric S and N deposition
on earth occur in parts of Asia (Vet et al., 2014), and investigations
in this region are of great interest to the scientiﬁc community. Tem-
poral patterns of acid deposition in Asia show similarities to those
reported in North America and Europe with important differences.
Emissions of SO2 and NOx did not begin to decrease in Asia until
more recently than those of Europe and North America, consistent
with reported trends in atmospheric deposition of SO42 and NO3.
In Japan and South Korea, decreases in SO2 emissions and in precip-
itation SO42 concentrations have occurred since the 1990s, whereas
decreases did not begin in China until after 2005 (Duan et al., this
issue). Emissions of NOx did not peak in China until 2012, and
thus far, decreases in NO3 deposition are not evident (Duan et al.,
this issue). Because China is a large source of N emissions that affect
deposition patterns in downwind areas, decreases in atmospheric
NO3 deposition are not yet evident at remote sites in Japan (Ban
et al., this issue). In Southeast Asia and India, SO2 and NOx emis-
sions continue to increase (Duan et al., this issue), but a paucity
of long-term atmospheric deposition records does not allow gener-
alizations about trends. Other aspects of atmospheric deposition in
parts of Asia also differ from those of deposition in eastern North
America and Europe. For example, deposition in northern China is
inﬂuenced by large arid regions to the east that produce air masses
with high particulate concentrations. As these air masses move
westward across regions with high S and N emissions, much of
the S and N deposition falls as dry particulates (Luo et al., this issue).
Additionally, precipitation pH is higher for given levels of S and N
deposition in northern China and in parts of India due to neutrali-
zation by high concentrations of base cations such as calcium
(Ca2þ) andmagnesium (Mg2þ) (Duan et al. and Rao et al., this issue).
Finally, precipitation chemistry measurements in a remote part of
Asia at the base of Mt. Everest indicate some inﬂuence of fossil
fuel combustion sources, although precipitation chemistry is
more dilute than in most of Asia (Ballestrini et al., this issue).
South Africa also experiences acid rain, particularly at sites close
to fossil fuel combustion facilities (Conradie et al., this issue). Here,
as well as in India (Rao et al., this issue), biomass burning is also an
important emissions source of N and S and other constituents. Data
presented from these two regions suggest that many developing
nations are experiencing the effects of acid rain. Continued moni-
toring of deposition chemistry in developing nations is well advised
for informing air quality policy.
Ammonia (NH3) emissions and atmospheric deposition of
reduced N as ammonium (NH4þ) have received increased attention
in recent years as NOx emissions and NO3 deposition have declined
in many regions. Reduced N originates largely from agricultural
sources such as fertilizer application in contrast to the dominant
fossil fuel combustion sources of SO2 and NOx (Asman et al.,
1998). Atmospheric deposition of NH4þ and NH3 is not always
considered a contributor to acid rain. However, the hydrogen
component is readily released as Hþ by ecosystem N cycling pro-
cesses indicating an important role in acidiﬁcation. Several articles
in this issue note that N deposition consists of an increasing propor-
tion of reduced N at many sites across the globe, which can result
from either decreases in NO3 concentrations (Rogora et al., this
issue), or increases in reduced N concentrations (Ban et al. and
Duan et al., this issue). Butler et al. (this issue) conclude that recent
increasing trends in dry deposition of NH3 and wet deposition ofNH4þ in the USA are caused not by increases in NH3 emissions,
but rather by decreases in SO2 and NOx emissions, which forms
fewer (NH4)2SO4 and NH4NO3 particulates that drive concentra-
tions in deposition. This is consistent with the statement by Pas-
caud et al. (this issue) that atmospheric physicochemical
processes may explain some of the observed trends in atmospheric
N deposition.
Several articles in this special issue discuss atmospheric deposi-
tion constituents generally not considered to be components of
acid rain. Ren et al. (this issue) report on Hg trends in precipitation
and in several dry forms in Maryland, USA, and generally ﬁnd
decreasing trends during 2007e2015 consistent with decreasing
trends in S and N deposition driven by regulations that limit emis-
sions from upwind coal-ﬁred power plants. Iavorivska et al. (this
issue) provide a compilation and synthesis of precipitation organic
carbon concentration data from across the globe, which should
prove helpful in carbon budget studies. Huo et al. (this issue) pro-
vide data on organic and elemental carbon at three sites in Japan
and infer a mix of combustion and biomass burning sources depen-
dent on location and season. Watanabe et al. (this issue) report
helicopter-based measurements of hydroperoxides over a city in
Japan and explore correlations with SO2 and other constituents
that suggest common emissions sources and trajectories as well
as the role of hydroperoxides in the oxidation of SO2 to SO42.
Finally, Clow et al. (this issue) report on a method for estimating
aeolian dust deposition to seasonal snowpacks in the Rocky Moun-
tains, USA. Increasing aeolian dust deposition has been observed in
many regions, and several environmental effects have been noted
(Ginoux et al., 2012). For example, dust particles affect snowpack
acidity and through albedo effects, snowmelt timing in the Rockies.
3. Ecosystem effects of acid rain
Air quality policies implemented in North America and Europe
in recent decades and more recently in parts of Asia, have resulted
in decreases in atmospheric S and N deposition described in the
previous section. These policies were designed to minimize further
harm from acid rain and to promote ecosystem recovery from the
deleterious effects described at many past International Acid Rain
Conferences (see Supporting Information Table S1). Three articles
in this volume (Driscoll et al. Kline et al., and Watmough et al.,
this issue) report on trends in chemical indicators in surface waters
of North America that inform the success of air quality policies at
promoting the recovery of aquatic ecosystems. Driscoll et al. (this
issue) report that SO42 concentrations have decreased
by> 2 meq/L/yr in 48 lakesmonitored in the AdirondackMountains,
USA during 1992e2013. Nitrate concentrations have decreased in
most of these lakes, but at a rate about six-fold less than SO42.
The key acidiﬁcation indicators, acid-neutralizing capacity (ANC),
pH, and inorganic monomeric aluminum (Ali) are all showing sub-
stantial improvement in most of the monitored lakes. Kline et al.
(this issue) report signiﬁcant decreases in SO42 and NO3 concentra-
tions in 40 stream reaches in western Maryland, USA during
1999e2014. These SO42 trends are less than those in the Adiron-
dacks, which may reﬂect a difference in soil SO42 adsorption capac-
ity among these two regions, whereas NO3 trends were greater in
Maryland, which may reﬂect regional differences in N cycling pro-
cesses. The Maryland streams, however, show little ANC recovery
with signiﬁcant increases at <20% of the sites. The lower rate of
acidiﬁcation recovery in Maryland than in the Adirondacks may
reﬂect the combined effects of regional differences in atmospheric
deposition, soils, or neutralization processes among streams (Mary-
land) and lakes (Adirondacks). Watmough et al. (this issue) report
on stream chemistry trends at two sites in Ontario, Canada during
1980e2012. They generally ﬁnd limited recovery of pH, ANC, and
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the Adirondack lakes. Watmough et al. (this issue) also report
that climate as reﬂected by drought history plays an important
role in short-term stream acidiﬁcation in the fall. DeWalle et al.
(this issue) use cross-correlation to describe lags in stream solute
concentrations to changes inwet deposition based on long-term re-
cords in Pennsylvania, USA, which may explain in part the sluggish
ecosystem responses reported by others. These lags, which average
about four years for SO42 may reﬂect the delayed response of soil
desorption to decreases in SO42 deposition and long transit times
of precipitation during transport through catchment soils and
groundwater before discharging to streams.
Surface-water acidiﬁcation occurs in parts of Japan and China as
discussed by Duan et al. (this issue), but is generally less severe
across Asia than in North America and Europe. High levels of base
cation deposition combined with denitriﬁcation and SO42 adsorp-
tion in Asia appear responsible for less extensive surface-water
acidiﬁcation in this region. Nonetheless, soil acidiﬁcation has
been reported in China and Japan, which is likely to occur in areas
with low mineral weathering rates (Duan et al., this issue). Zhu
et al. (this issue) report widespread decreases in soil pH in forested
soils of China that averaged 0.36 units over a 25-year period
beginning in the 1980s, with decreases as great as 0.64 units in
southwest China. Acidiﬁcation of these soils is driven largely by
acid deposition, with a minor contribution from forest harvesting
(Zhu et al., this issue).
Given modest or limited recovery of surface-water chemistry in
North America, similarly modest recovery patterns of ﬁsh popula-
tions in acid-sensitive waters should not be surprising. Baldigo
et al. (this issue) report that ﬁsh species richness and total ﬁsh
numbers did not improve during 1984e2012 in 43 of the 48 lakes
studied by Driscoll et al. (this issue) in the Adirondacks. In contrast,
Hesthagen et al. (this issue) report that brown trout density
increased in parallel with improvements in pH, ANC, and Ali during
1987e2010 in a stream in Norway. Fish densities, however, have
varied during this period and have shown sensitivity to distur-
bances such as enhanced sea salt deposition to streams. Holmgren
et al. (this issue) describe 30-year trends in several ﬁsh metrics for
lakes (n ¼ 750) and streams (n ¼ 1029) in Sweden that include
limed and unlimed reference sites. They ﬁnd strong recovery in
species richness and brown trout presence in limed waters, but lit-
tle recovery and some declining trends in unlimed waters. This
work demonstrates the potential value of remediation for acceler-
ating ecosystem recovery where natural recovery processes have
proved slow.
Interest in the N cycle stems from the importance of N as both a
key nutrient and an acidifying agent, and its participation in many
complex biogeochemical processes that can cause shifts in chemi-
cal species, gains or losses to an ecosystem, and changes in plant
biodiversity. The N cycle is studied through experimental additions,
isotope measurements, and monitoring to identify temporal pat-
terns in concentrations and loads. Emissions of gaseous nitrogen di-
oxide (NO2) may comprise a signiﬁcant component of the total N
deposition to ecosystems, which may promote acidiﬁcation and
eutrophication. Reid and Aherne (this issue) evaluated temporal
trends in atmospheric NO2 concentrations across Canada during
1998e2013. Most sites showed sharp downward trends in NO2,
which they attribute largely to regulations that have lowered emis-
sions from the transportation sector. Gilliam et al. (this issue)
describe the results of a long-term experimental N addition to a
watershed inWest Virginia, USA. This treatment altered the species
composition of herbaceous vegetation and lowered the availability
of Ca2þ and Mg2þ. Sabo et al. (this issue) describe results for 15N in
tree rings, stream NO3 concentrations, and retention of atmo-
spheric N in two adjacent watersheds in the Adirondacks. Thepatterns varied between thewatersheds and trends in tree ring iso-
topes and watershed export of N were largely inconsistent with de-
clines in regional atmospheric N deposition. Their results suggest
that factors such as declines in acidic S deposition as well as forest
disturbance may have affected the observed temporal patterns.
Eshleman and Sabo (this issue) report that recent decreases in at-
mospheric NO3 deposition to forested upland watersheds in the
Upper Potomac River, USA are sufﬁcient to account for decreasing
riverine N loads to the Chesapeake Bay, which suggests that air
pollution regulations are contributing to the improved trophic sta-
tus of this estuary.
A critical load represents the level of atmospheric deposition
that, when exceeded, causes harm to components of an ecosystem.
This concept is applied widely across the globe to inform policy
makers and ecosystem managers of atmospheric deposition levels
necessary to protect a biological species or community, or promote
the recovery of a previously impacted ecosystem. This issue fea-
tures three articles that discuss critical loads in Canada (Cathcart
et al., Whitﬁeld et al., and Williston et al., this issue) and one that
focuses on Ireland (Wilkins et al., this issue). Cathcart et al. (this
issue) assess steady-state critical loads of acidity for about 90,000
lakes in northern Saskatchewan, Canada downwind of the Atha-
basca tar sands region and ﬁnd that 12% of these lakes are receiving
atmospheric S deposition that exceed the critical load for delete-
rious ecosystem effects. Whitﬁeld et al. (this issue) develop a modi-
ﬁed approach for evaluating steady-state critical loads of acidity
using 260 lakes in the same region of northern Saskatchewan,
but ﬁnd that atmospheric deposition monitoring is insufﬁcient to
fully evaluate acidiﬁcation risk. Williston et al. (this issue) demon-
strate a diagnostic approach in which current critical load exceed-
ances for soils and surface waters were evaluated in two regions of
British Columbia, Canada, as well as a prescriptive approach that as-
sesses the extent to which future planned sources of SO2 and NOx
emissions may cause critical load exceedances. Wilkins et al. (this
issue) explore vegetation species across a gradient of atmospheric
N deposition in Ireland and conclude that species abundance is
affected at levels below those currently recommended by the
Convention on Long-Range Transboundary Air Pollution. Their re-
sults suggest that current recommended critical load levels may
be insufﬁcient to support a biodiversity protection strategy within
the European Union.
Finally, acid rain has also been demonstrated to impact cultural
resources by accelerating the weathering of buildings and outdoor
sculpture. Livingston et al. (this issue) develop a new approach for
studying the weathering rates of marble and bronze sculpture and
re-visit two case studies from the 1980s in the eastern USA to
demonstrate that dry pollutant deposition of S and N contributed
to greater weathering losses than did wet deposition.
4. Acid rain, the future
The articles in this special issue of Atmospheric Environment
demonstrate the breadth and scope of acid rain investigations by
providing the latest scientiﬁc advances regarding how emissions,
deposition and temporal trends of the pollutants that cause acid
rain vary across the globe. Considerable progress in reducing the
emissions of SO2 and NOx is evident across North America and
Europe. In contrast, SO2 declines began only about 10 years ago in
China and decreases in NOx emissions just in the last few years.
In other parts of Asia such as India, these emissions continue to in-
crease. Investigations of surface water chemistry, soils, ﬁsh, and
vegetation reported in this issue show that recovery is slow and
will unfold over many decades provided that emissions and depo-
sition continue to decrease. Whether affected ecosystems will re-
turn to a pre-acid rain condition is currently unclear and will
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landscape disturbance and climate change. Gaining a better under-
standing of how acid rain interacts with the myriad factors that
affect the trajectories of ecosystems remains a challenge for the sci-
entiﬁc community to address. The inadvertent acid rain experiment
continues to provide opportunities to study the long-term effects of
air pollutants on terrestrial and aquatic ecosystems.
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